Introduction
Fusobacterium spp. are now frequently reported in clinical specimens and appear to form a significant component of the bacterial flora in mixed anaerobe infections. ' In man, examples of such infections include necrotic tonsillitis, oral and dental infections, brain abscesses, empyma, hepatic and intra-abdominal abscesses and endocarditis. Infections in animals vary widely and include liver abscesses in cattle2 and foot rot in sheep.* However, the clinical importance of these organisms is perhaps still not fully appreciated as their identification is largely overlooked in most diagnostic 1 a bo r a tor ie s . Received 12 Feb. 1990 ; accepted 30 April 1990.
Traditional methods of identification, which rely largely on carbohydrate fermentation reactions, are of limited value because Fusobacterium spp. are generally non-fermentative. Consequently several alternative approaches have been used. At the genus level, all species are characterised by the production of butyric and acetic acids as major end products of metabolism" and their cellular fatty acids comprise predominantly straight-chain and mono-unsaturated fatty acids.3 Polypeptide analysis by sodium dodecylsulphate-polyacrylamide gel electrophoresis has been investigated extensively; however, the electrophoretic patterns derived were too complex and inconsistent within a species for routine identifi~ation.~ Pyrolysis-mass spectrometry of whole cells of Fusobacterium has recently been employed' but, with few exceptions, isolates of most species were assigned in several clusters of the dendrogram.
The electrophoretic mobility of glutamate dehydrogenase (GDH) has been reported in eight species of Fusobacterium.6 However, application of this method to study other species, such as F. alocis, F. peridonticum, F. simiae, F. sulci and F. ulcerans, resulted in similar electrophoretic migration of enzymes from several species. Here we report the electrophoretic mobility of another enzyme, 2-oxoglutarate reductase (OGR) and show that the combined use of these enzymes can be applied. to identify most species. Furthermore, we examined the possible correlation of these data with the heterogeneity in peptidoglycan composition and we also report the guanine plus cytosine (mol% G + C) content of the DNA of all strains used in this study.
Materials and methods

Bacterial strains
sources are given in table I.
The Fusobacterium strains used in this study and their
Growth conditions and preparation of cell-free extracts
All strains were maintained by weekly subculture on Blood Agar Base (Oxoid) containing sheep blood (Oxoid) 5% in an atmosphere of Co2 lo%, H2 lo%, N 2 80% at 37°C. Cell-free extracts were prepared as described previ~usly.~ Briefly, cells were harvested from 24-h bloodagar cultures and were suspended in 0.5 ml of 100 mM 
tris(hydroxymethy1)aminomethane HCl buffer (pH 8.5).
Each cell suspension was shaken with Ballotini beads (grade 12) for 10 min in a Mickle tissue disintegrator at 4°C. The suspension was centrifuged at 37 000 g for lOmin, and the supernates were used immediately for electrophoresis.
Electrophoresis and staining of the enzymes
Cell-free extracts were subjected to electrophoresis for 90 min at 15 V/cm on 5.7 x 14-cm Cellogel support strips with 4 mM barbitone-acetic acid buffer (pH 8.6). GDH was visualised by staining with a solutionof (/L)glutamate 20 g, nicotinamide adenine dinucleotide 5 g, phenazine methosulphate 4 g, and thiazolyl blue tetrazolium 0.02 g in 100 mM Tris(hydroxymethy1)aminomethane-HC1 buffer (pH 9.0). 2-Oxoglutarate reductase was visualised by replacing the glutamate with a solution of 2-hydroxyglutarate 10 g/L.
Isolation, puriJication and determination of base composition of DNA DNA was purified by the method of Marmur.' The DNA base composition was estimated from its melting temperature in SSC with a Gilford (model 240) spectrophotometer and a Gilford 2527 thermal programmer as described previously.'
Preparation and examination of cell walls
Cell walls were prepared and hydrolysed by the method of Schleifer and Kandler.' The dibasic amino acids of the mucopeptides were analysed qualitatively by descending chromatography on Whatman No. 1 paper with methanol : pyridine :concentrated HCl :water (80 : 20: 2.5: 17.5) as running solvent. Amino acids were identified by reference to authentic standards and by their distinctive colours when treated with ninhydrin 0.25% in acetone containing glacial acetic acid 7%.7
Results
Representative strains of 13 species of Fusobacterium all possessed high levels of GDH and OGR such that only 1 pl of a cell-free extract (c. lo6-10' cells/ml) was sufficient to detect both enzymes reliably after electrophoresis. Both enzymes required NAD for substrate oxidation but their pH range for activity differed. GDH was stained over a wide pH range (c. 7.5-10-5), whereas OGR was visualised within a narrower pH range (c. 8-5-9.0). F. nucleatum, F. russii, F. gonidiaformans and F. ulcerans had characteristic GDH electrophoretic mobilities, but enzyme analysis clustered the remaining species into three broad groups. F. periodonticum, F. simiae and F. necrophorum had similar GDH mobilities of 3.0-3.6 cm; the GDH extracted for F. varium, F. mortiferum, F. alocis and the type strain of F . nauiforme co-electrophoresed at 3.9 cm; and the GDH mobility of F. alocis (2.4cm) was similar but not identical to that of F. necrogenes (2.6 cm) ( fig. 1 ). Within these clusters, the electrophoretic mobility of OGR provided a further means of distinguishing species, e.g., F . alocis and F. necrogenes, which had similar GDH mobilities, were distinguished readily by the migration distances of OGR.
The type strain of F. naviforme had electrophoretic mobilities of 4.1 cm for GDH and 5.2 cm for OGR, but the three clinical isolates examined had mobilities of 2 and 2.6cm for GDH and OGR respectively. Furthermore, the dibasic amino acid of the peptidoglycan of the type strain contained diaminopimelic acid, whereas that of the three clinical strains had lanthionine ( fig. 1 ; table 11 ). Of the species tested, only F. naviforme showed heterogeneity in peptidoglycan composition (table 11) .
The DNA base composition of all species was within the range 25-34molx G + C , except for F. sulci (39%) and the type strain of F. nauiforme, ATCC 25832 (49%) (table 11). Clinical isolates which were phenotypically very similar to F . naviforme had DNA base compositions of 32-33 mol% G + C (table 11) . The peptidoglycan composition divided the genus into two distinctive groups, those species that contained diaminopimelic acid (F. navijiorme, F. sulci, F. ulcerans and F. varium) and that also possessed GDH with mobilities of 4-7 cm, and species that contained lanthionine and had GDH mobilities <4cm. F. mortiferum was atypical in possessing both dibasic amino acids; it clustered with the high-GDH-mobility group. Fig. 1 gives an overview of these inter-relationships.
Discussion
Previously, we reported the importance of glutamate as an energy source for Fusobacteriurn spp. and showed its rapid uptake from a chemically defined medium. l o The presence of both GDH and OGR, catabolic enzymes of glutamate metabolism, in Fusobacterium spp. further supports these physiological findings. The broad pH range of activity for GDH (c. 7-10) enables this enzyme to be stained readily in most electrophoretic systems. However, similarity in migration distances of GDH of some species such as F. alocis (2.4 cm) and F. necrogenes (2.6 cm) limits its use in identifying species. Enzymes which migrate closely can be mixed and electrophoresed together to distinguish between S. E. GHARBIA AND H. N. SHAH them, but ideally, the application of another enzyme mobility which differs significantly between the species should be employed. In a previous study, we screened for several enzymes involved in nitrogen metabolism of Fusobacteriurn spp. The first enzyme which was present in all species and reliably corroborated the GDH patterns was OGR. Thus, the three GDH electrophoretic patterns of F. nucleaturn6 were recently confirmed by OGR patterns in more than 30 human isolates.
The GDH electrophoretic mobility of eight species of Fusobacterium has been reported.6 This study extends these findings to five further species-F . alocis, F. periodonticurn, F. sulci, F. ulcerans and F. sirniae-and emphasises the importance of GDH as a diagnostic marker at both the generic and species level. Although its potential value for delineating all Fusobacterium spp. has been restricted by common electrophoretic mobilities in some species ( fig. l) , a combination of the electrophoretic migration of GDH and OGR provided diagnostic patterns that can be used to distinguish all Fusobacteriurn spp. except F. variurn and F. rnortiferurn.
In an earlier study, Love et a1.12 reported that although clinical isolates of F. nauiforrne were phenotypically similar to the type strain, there was negligible DNA-DNA homology between the type strain and clinical isolates. In this study, we have shown that their dibasic amino-acid composition and enzyme electrophoretic profiles also show a high degree of discordance ( fig. 1) 1anthi0nine.l~ Fig. 2 shows the nature of the linkage. The mucopeptide of several other species, such as F. varium, contains diaminopimelic acid as its sole dibasic amino acid.' Interestingly, we observed in the present study that species which belonged to the slower GDH-OGR mobility cluster possessed lanthionine whereas those with faster enzyme mobilities had a peptidoglycan based on diaminopimelic acid ( fig. 1 ). F. mortiferum, which contained both dibasic amino acids, showed more similarity with F . varium in electrophoretic patterns. This similarity between the latter species has also been confirmed by 5s-rRNA sequence data16 and is presently being compared by 16s-rRNA sequence analysis.
The results of the present study indicate that the combined use of GDH and OGR electrophoretic patterns provide a useful and rapid method for identifying most species of Fusobacterium. Furthermore, both enzymes appear to be useful for preliminary investigations of the natural diversity of species before undertaking such studies as DNA-DNA hybridisation. With this method, three subgroups of P . nucleatum designated Fn-1, Fn-2 and Fn-3 among human oral isolates were resolved and this segregation has been supported by rRNA restriction patterns. ' ' Differences between these groups and animal isolates of F. nucleatum led to the recent proposal of four subspecies. * Recognition of these subspecies has facilitated clearer 
